One contribution of 14 to a theme issue 'Raman spectroscopy in art and archaeology'.
In this study, we successfully addressed the challenges posed by the identification of dyes in medieval illuminations. Brazilwood pigment lakes and orcein purple colours were unequivocally identified in illuminated manuscripts dated by art historians to be from the thirteenth to the fifteenth centuries and in the Fernão Vaz Dourado Atlas (sixteenth century). All three works were on a parchment support. This was possible by combining Raman microscopy and surface-enhanced Raman spectroscopy with microspectrofluorimetry. To the best of our knowledge, this is the first time that brazilein, the main chromophore in brazilwood lake pigments, has been unequivocally identified by surface-enhanced Raman spectroscopy in an illuminated work (the Dourado Atlas). Complementing this identification, through microspectrofluorimetry and micro-Fourier transform infrared spectroscopy, it was possible to propose a complete paint formulation by comparison with our database of references; the dark pink hues, in the three case studies, were produced by combining brazilwood pigment lakes and gypsum in a proteinand gum arabic-based tempera. Orcein purple, also known as orchil dye, has been previously identified in medieval manuscripts, dated from the sixth to the
Introduction (a) The art of colour in medieval illuminations
Illuminated manuscripts are a precious cultural heritage with specific features that include a distinctive colour palette (when compared with other painted artworks). Over the past 10 years, we have contributed to the development of advanced techniques that allow us to characterize and rigorously quantify colour and colour loss in monastic manuscripts from the twelfth and thirteenth centuries [1] [2] [3] [4] . More recently, these studies have also included books of hours as well as other artworks covering a period from the twelfth to the nineteenth centuries [5] [6] [7] [8] .
Through this material study, we have sought to understand the medieval techniques used to produce colour. Colourants (inorganic pigments and dyes) as well as binding medium formulations and additives were analysed [1, 3, [9] [10] [11] [12] [13] . Our research has demonstrated that dyes are more specific of a certain cultural milieux than inorganic pigments, and we also know that they are prone to fading-for all these reasons, they have been at the centre of our research. Recently, we have shown that microspectrofluorimetry and surface-enhanced Raman spectroscopy (SERS) may be combined to unambiguously characterize lac dye red in medieval illuminations [13] . While SERS provided unequivocal identification of laccaic acid A (the main component of lac dye), microspectrofluorimetry described the chromophore in its environment in situ. Additionally, we foresee that a dye difficult to assess by Raman microscopy will probably be a medium/strong emitter and, therefore, will provide a good signal-to-noise (S/N) ratio for microspectrofluorimetry. In this work, we assess whether, by combining these two techniques, we transform a weakness into a strength [11, 13, 14] , addressing the characterization of dyes in different manuscript typologies that were produced between the thirteenth century and the sixteenth century.
In addition to the analytical tools, it was also important to assemble a database of references for colourants, binders and colour paints [15] [16] [17] [18] . These standards are the result of research into written sources of medieval techniques, which include treatises and recipe books. They are part of reproducing the process described in the source material as well as molecular identification and comparison with the original colours [15] [16] [17] [18] [19] . This leads to a virtuous feedback loop, where standard compounds are validated against originals and are used to test and improve the analytical methods applied when identifying those same originals.
In this study, we carried out an unequivocal identification of dyes in medieval illuminations, disclosing brazilwood pink/carmine colours and orcein purple colours in the Ajuda Songbook and its accompanying Lineage Book (thirteenth to fourteenth and fourteenth centuries, respectively), in the Alcobaça winter Breviary Alc. 54 (fourteenth and fifteenth centuries) and in the Fernão Vaz Dourado Atlas (1571; figure 1). The Breviary was produced in a monastic scriptorium, whereas the Songbook and the Atlas are examples of luxury commodities produced for the aristocracy, in city workshops; the latter possibly in cosmopolitan Goa, India [20] . We also discuss the challenges posed in accurately identifying and determining the usefulness of this information for the dating of medieval manuscripts.
(b) The manuscripts
A monument to Galician-Portuguese medieval lyrics, the Ajuda Songbook (Cancioneiro da Ajuda) is also an exceptional illuminated manuscript. To date, we do not know when and where it was written. Likewise, we do not know when it was joined in the same bookbinding with the Lineage Acid-base equilibrium for brazilein [5] .
in fifteenth century books of hours [5, 25] . At the time, the raw material was obtained from the heartwood of Caesalpinia sappan, a tree found in Asia, namely in Sri Lanka, India and Southeast Asia [15, 26] . By the nineteenth century, it was still used in oil painting [27] .
To contribute to a better understanding of the manufacture of brazilwood lake pigments and its evolution through time, we carried out a systematic study based on reconstructions of pigments and paints [15] prepared from two different sources: medieval recipes from the fifteenth century detailed in The book on how to make colours of all shades for illuminating books (hereafter The book on how to make colours) and recipes from the nineteenth century archive of the artists' colourman, Winsor & Newton (W&N) [28] . Results were then successfully compared with data obtained for brazilein lake pigments and for pink and red colours in manuscript illuminations from fifteenth century French books of hours (Palácio Nacional de Mafra, Portugal) [5] .
Brazilwood lake pigments are obtained by extraction and precipitation from aqueous solutions and the final colour depends on the metal ion (Al 3+ , Ca 2+ , Pb 2+ ) used to complex with the dye [5, 15] . It was confirmed (by high-performance liquid chromatography with diode-array detection (HPLC-DAD)) that, in the pigment, the main red chromophore is brazilein [29] . Brazilein is a weak organic acid displaying its first deprotonation at pK a1 of 7 (figure 2), in a water-methanol solution (70 : 30; v : v) [15, 30] .
(d) Orcein purple in medieval art
Orcein or orchil are the common names for the purple dyes prepared from various lichen species, such as Roccella, Lasallia, Lecanora and Variolaria, in the presence of ammonia or urine [26, 31] . These lichen species grow all around the world, from mountains to the coasts of subtropical or tropical regions in Europe, Asia, Africa or South America [26] .
In 1957, Hans Musso and Hans-Georg Matthies provided a full comparative analysis of the main chromophores isolated from orcein lichens, based on infrared and UV-vis spectra [32] . This work would be further expanded in the 1961 Angewandte Chemie paper [33] , which appeared in an English translation in 2003 [31] . As stated in the summary 'Orcein was separated into 14 dyes by partition chromatography. Their constitutions were determined ( . . . ) and led to formula that are derived from 7-amino-2-phenoxazone, 7-hydroxy-2-phenoxazone and 7-amino-2-phenoxazime' (table 1) . Also named amino-orceins, hydroxy-orceins and amino-orceimines, they were present in 30%, 35% and 10%, respectively, in the samples studied by these authors. (It was not clear if the percentage refers to the weight of the extract 'orcein' mixture or to the total lichen weight.) The central rings depicted in table 1 were shown to be the main chromophores and their UVvis spectra were not relevantly influenced by the phenyl/methyl substituents [32] . It was also determined that litmus, an acid-base indicator extracted from the same lichen species by a similar process, is essentially based on 7-hydroxy-2-phenoxazone chromophores assembled in a polymeric structure [31] (table 1) .
Orcein chromophores can thus be classified as oxazine dyes, which belong to the larger family of azine cationic dyes [34] . This family also includes phenazine dyes, such as mauveine, the landmark purple colour discovered by Perkin in 1856, which was the first synthetic dye produced on an industrial scale [24,34, 
hydroxy-orcein 7-hydroxy-2-phenoxazone a,b amino-orcein 7-amino-2-phenoxazone a amino-orceimin 7-amino-2-phenoxazime a In order to understand the differences observed between the absorption maxima of hydroxyand amino-orcein chromophores, it is important to point out the main results of the spectroscopic characterization, including excited state properties, of hydroxy-orcein, also known as resorufin (table 1) [36] [37] [38] . In brief, the main absorption band results from an allowed π-π* transition, which is observed at 570-580 nm in polar protic solvents and at 588 nm in polar aprotic nitrile solvents [36, 38] . The formation of an ion pair or of a similar structure, with the capacity of disrupting the conjugation (e.g. the protonated species), leads to the appearance of a broad unstructured absorption band at 450-480 nm [36] [37] [38] . The planarity and rigidity of both the fundamental and excited state is reflected in the small Stokes shift, 7 and 12 nm, in aprotic and protic solvents, as measured in [36] . The fluorescence quantum yields are strongly dependent on the solvent, ranging from 0.25 in an apolar medium to 0.8 in 1-propanol [38] .
It is worth noting that in the medieval technical literature we find some overlap between the recipes using orchil dyes and those based on folium (another purple dye), which is extracted from the plant Chrozophora tinctoria. For the latter, no molecular structure could be proposed, despite the efforts of Krekel [39] , and more recently of Aceto et al. [40] . Regardless of being largely referred to in medieval treatises and other written sources-and, therefore, most likely widely used-unequivocal identifications of orcein purple in artworks are rare. Wallert [41] was possibly the first to demonstrate that UV-vis fluorescence spectroscopy could be a useful technique to detect orchil dyes in artworks. Clementi et al. [42, 43] were, in turn, the first to detect orcein in situ, based on fluorimetry, in a Renaissance tapestry and in the The Book of Kells (dated from around 800 AD) [44] . More recently, in 2013, orcein was identified by Rosi et al. [45] in a fragment from the ninth century Bible de Théodulphe by UV-vis fluorescence emission spectroscopy and with subtracted shifted Raman spectroscopy. In 2014, Doherty et al. [46] , based on the analysis of two naturally dyed wool references (Rocella tinctoria and Lasallia pustulata) and a purple tapestry yarn (sixteenth century), provided the first Raman band assignments for orcein (SERS spectra). Orchil was also identified by Aceto et al. [47] in the sixth century Codex Brixianus by combining fibre-optic reflectance spectroscopy (FORS), fluorimetry and X-ray fluorescence spectrometry.
Methods and instrumentation (a) Manuscripts
The Ajuda Codex consists of the Ajuda Songbook and the Lineage Book, from the thirteenth to fourteenth centuries and the fourteenth century, respectively. It is held at Biblioteca da Ajuda, Lisbon, Portugal. 
The winter Breviary Alc. 54 contains a total of 340 folios. The original corpus of the manuscript (fols. 1r to 309v) dates from the fourteenth century, and the remaining folios (fols. 310r to 327v and fols. 328r to 340v) were added in the fifteenth century in two different additions. The size of this manuscript is 157 × 114 mm and is kept at the Biblioteca Nacional de Portugal, Lisbon, Portugal.
The Fernão Vaz Dourado Atlas from 1571 contains 18 maps and charts. Its dimensions are 500 × 380 mm and it is held at the Arquivo Nacional da Torre do Tombo, Lisbon, Portugal.
All three artworks can be accessed via the URLs given in the Data accessibility section at the end of the paper.
The main analyses of the organic pinks in the Ajuda Songbook (thirteenth to fourteenth centuries) were performed in fols. 4, 16, 17, 21, 33, 37, 40v and 59. While the analysis of the purple from the Lineage Book (fourteenth century) was conducted on pages 1, 12, 13, 31, 44, 45 and 55.
Organic pinks were only detected in the original corpus in the winter Breviary, from the fourteenth century. These were analysed in decorated and historiated initials from fols. 69, 92, 198 and 219, wheras the organic purple was applied merely in the addition from the fifteenth century, in filigree initials from fols. 310 and 317v.
The main analyses of the organic dyes in the Fernão Vaz Dourado Atlas (1571) were conducted on map 16, owing to the presence of pink and purple filigree details. While it was possible to microsample the organic pink, the organic purple was too diluted and, for that reason, it was only possible to perform in situ analysis. The pink colour was microsampled from maps 2, 6, 7, 14 and 16, whereas the purple colour was analysed in situ on maps 13, 16 and 17.
(b) Materials and methods (i) Materials
All reagents used were of analytical grade. One of the orcein references used in this work was obtained from Sigma-Aldrich (orcein synthetic O7380). Spectroscopic or equivalent grade solvents and Millipore filtered water were used for all the chromatographic and spectroscopic studies as well as for dye extraction and lake preparation.
(ii) Historically accurate reconstructions For both brazilein reference and lake pigment reconstructions, Caesalpinia echinata scrapings from Kremer were used. The brazilein reference was isolated from a methanol extract of brazilwood scrapes and purified following a procedure described in the literature [30] . The description of brazilwood pigment lake and paint reconstructions (as lake pigments produced by complexation with Al 3+ ) is reported elsewhere [15] . Orcein-dyed silk (with Lasallia pustulata) was prepared by Isabella Whitworth (UK), who in turn learned orchil-making from Anna Champeney, a dyer and weaver in Galicia, Spain. In the first step, the dye is produced in a basic NH 3 solution (three to six weeks). In the second step, the textile is dyed, with no mordant, first in cold water and then heated for a short period at 75°C. For more details, please see [26] . Orcein chromophores were extracted from the dyed silk in a methanol solution.
The brazilwood lake used in this work was made into paint using gum arabic (SERS) or glair (microspectrofluorimetry) binders, and applied to filter paper. For more details, see [15] .
The orcein paint reference was made by admixing the synthetic orcein (Aldrich, 0.0035 g) with glair (4 ml), and applied to filter paper in several layers.
The preparation of the medieval binders is described elsewhere [13, 15] . In the electronic supplementary material, infrared spectra for glair and gum arabic binders, single or admixed, are also shown for comparison with the original paint colours. Gum arabic was acquired from Zecchi or Bizzarri (Florence, Italy), and prepared in a 10% solution in distilled water, and fresh organic eggs were prepared following De Clarea, and were applied onto glass slides and left to dry. 
(iii) Microsampling
Microsampling of the manuscripts was performed with a microchisel from Ted Pella under a Leica KL 1500 LCD microscope, equipped with a 12× objective and a Leica Digilux digital camera, with external illumination via optical fibres. As for the microsamples taken from the paint reconstructions, a tungsten needle was used. Microsamples were typically of 20-50 µm in diameter and weighed less than 0.1 µg.
(iv) Surface-enhanced Raman spectroscopy methodology: silver colloid synthesis, hydrofluoric acid hydrolysis and sample pre-treatments
Silver colloids for SERS were prepared by chemical reduction of silver nitrate with sodium citrate, following the synthetic protocol published by Lee & Meisel [49] . Two types of procedures were used, according to the nature of the samples: (i) references in aqueous solutions, such as the pure brazilein and orcein in methanol, that were analysed by adding 50 µl of the Ag colloid, 10 µl of the dye in solution (at a concentration of 10 −4 M) and 10 µl of 0.5 mol l −1 KNO 3 aqueous solution; (ii) microsamples taken from the paint reconstructions and illuminations listed earlier that were subjected to a non-extractive gas-solid hydrolysis pre-treatment, in which the microsamples are exposed to hydrofluoric acid (HF) vapour in a closed microchamber for 5 min. This procedure aims to hydrolyse the dye-metal complex and increase the analyte adsorption on the nanosized metal substrate, thus enhancing the SERS signal [50] . SERS analysis was performed after deposition of 0.8 µl of the Ag colloid and 0.1 µl of 0.5 mol l −1 KNO 3 aqueous solution onto each microsample. All spectra were collected by focusing the laser beam onto the microaggregates that formed inside the dye-colloid droplet a few seconds after the deposition of the Ag nanoparticles and KNO 3 . Spectra were acquired continuously until the droplet dried out. (ii) Micro-Fourier transform infrared spectroscopy Infrared analyses were performed using a Nicolet Nexus spectrophotometer coupled to a Continuum microscope (15× objective) with an MCT-A detector cooled by liquid nitrogen. The spectra were collected in transmission mode, in 50 µm 2 areas, resolution setting 4 cm −1 and 128 scans, using a Thermo diamond anvil compression cell. For some infrared spectra, the system was purged with nitrogen prior to the data acquisition; for all infrared spectra, the CO 2 absorption at ca 2400-2300 cm −1 was removed from the acquired spectra (4000-650 cm −1 ). To improve the robustness of the results, more than one spectrum was acquired from different sample spots.
(iii) Raman microscopy and surface-enhanced Raman spectroscopy
Raman microscopy was carried out using a Horiba Jobin Yvon LabRAM 300 spectrometer, equipped with a He-Ne laser with 17 mW power operating at 632.8 nm (red laser). Spectra were recorded as an extended scan. The laser beam was focused with either a 20× or a 50× Olympus objective lens. The laser power at the surface of the samples was between 4.3 and 0.17 mW.
(iv) Microspectrofluorimetry
Fluorescence excitation and emission spectra were recorded with a Jobin Yvon/Horiba SPEX Fluorog 3-2. 2 µm and maximum 60 µm spot, with 50× objective. Standard dichroic filters mounted at 45°w ere used to collect the excitation spectra (500 and 540 nm) and emission spectra (600, 620 and 650 nm). Emission spectra were acquired exciting at 490 nm, whereas excitation spectra were recorded collecting the signal at 610 nm. Spectra were acquired on a 30 or 8 µm spot (pinholes 8 and 5, respectively) with the following slits set: emission slits = 3/3/3 mm and excitation slits = 5/3/0.8 mm. The optimization of the signal was performed for all pinhole apertures through mirror alignment in the optic pathway of the microscope, following the manufacturer's instructions. Spectra were collected after focusing on the sample (eye view) followed by signal intensity optimization (detector reading). Emission and excitation spectra were acquired on the same spot whenever possible. The paint reconstructions were mainly analysed in situ. The Breviary and atlas were analysed through microsamples, whereas the Songbook and Lineage Book were analysed in situ.
(v) High-resolution mass spectrometry High-resolution mass spectra (HRMS) were obtained on a QTOF Impact II™ mass spectrometer with an electrospray ionization (ESI) source (Bruker Daltonics GMBH, Germany) interfaced with a Dionex UltiMate 3000 RSLCnano system (Thermo Scientific).
Chromatography separation was carried out by using a Phenomenex Kinetix 2.6 µm C18 100 Å, LC column 150 × 2.1 mm; the column temperature was set at 40°C. The mobile phase consisted of A (0.1% v/v formic acid in water) and B (0.1% v/v formic acid in acetonitrile). The gradient conditions were as follows: 0 min 5% B; 1.5 min 15% B; 10 min 75% B; 13 min 100% B; 17 min 100% B; 18 min 5% B; 25 min 5% B. The flow rate was 150 µl min −1 . The sample injection volume was 5 µl.
The mass spectrometer was operated with full-scan acquisition in positive ESI ion mode, acquiring the mass range m/z 100-1500 at a rate of 3 Hz. Calibration of the time of flight mass analyser was performed with a 10 mM sodium formate acetate calibrant solution. Mass spectrometry data were acquired and processed with the software DATA ANALYSIS version 4.1 from Bruker Daltonics.
Results and discussion (a) Reference samples (i) Orcein: mass spectrometry characterization of the main chromophores in reference samples
Two reference compounds, orcein powder (Aldrich) and an extract from a naturally dyed silk (Lasallia pustulata), were characterized by HPLC-DAD and their molecular structures confirmed by HPLC-HRMS (electronic supplementary material, table S1 and the chromatograms). The two samples are different ( (ii) Orcein and brazilwood pigment lakes: surface-enhanced Raman spectroscopy for the reference compounds
De Oliveira et al. [51] were the first to characterize brazilein by FT-Raman and FTIR spectroscopy.
Based on their attributions, for the brazilein reference ( figure 3 and table 3 Figure 3 . SERS spectrum of the pink colour from the Dourado Atlas (map 16), compared with brazilwood pigment lake and brazilein spectra; λ exc = 633 nm. system, at 1199 and 1165 cm −1 owing to ν(C-C) and δ(C-H), at 1108 cm −1 given by the in-plane δ(CH), and, finally, also at 468 cm −1 owing to ring deformation [51] . When comparing the SERS spectra of brazilein with the brazilwood lake paint reconstruction (from recipe 8 of the The book on how to make colours, where gypsum is used as a filler and gum arabic as a binder [15] ) small differences were found mostly in the region between 1700 and 1100 cm −1 , possibly resulting from the presence of gypsum (table 3 and figure 4). In fact, considering the use of HF pre-treatment on the lake pigment brazilwood reconstruction, the bonds in the metal-dye complex should have been broken [17, 50] , which means that in both spectra brazilein is present. There have been previous observations [13, 53] 
Table 3. SERS data for the pink paints in the
Dourado Atlas (map 16), and for brazilein and brazilwood paint. n.a., not acquired; vw, very weak; w, weak; mw, medium weak; m, medium; ms, medium strong; s, strong; br, broad; sh, shoulder; ν, stretching; δ
vw 975 vw 977 w ν(C-C), ν(C-O)
. the SERS spectra. The small differences found are related to the C=C stretching and are reflected in the less intense and broad band at 1402 cm −1 . It is likely that between the brazilein and the brazilwood lake pigment reproduction there are different degrees of coupling of the C=C bond. This is in agreement with other differences observed in the medium weak band at 1493 cm −1 and medium strong vibration at 1558 cm −1 in the brazilwood pigment lake reproduction, compared with the brazilein, which presents a weak shoulder at 1514 cm −1 and a medium strong band at 1545 cm −1 [52] . Further studies will be necessary to better understand the interactions between the dye, the substrate and the nanoparticles. As expected, it was possible to distinguish between the two orcein reference compounds by SERS (table 4 and figure 4) . While the synthetic orcein presents more predominant bands between 400 and 850 cm −1 , the natural orcein has additional intense bands at the region between 1200 rsta.royalsocietypublishing.org Phil. Trans (iii) Orcein: UV-VIS emission and excitation spectra for the reference compounds
The fluorescence spectra for brazilwood lake pigments and paints have been fully discussed elsewhere [5, 15] . In this section, we focus on orcein chromophores, in particular on the main components of the naturally dyed silk: α-amino-and α-hydroxy-orceins (table 2). As both excitation and emission spectra were acquired, in which the first may reproduce the absorption spectra, we first discuss their absorption patterns [12] . Knowing that the absorption spectrum of resorufin (α-hydroxy-orcein) is pH dependent, we focus on the data obtained for the basic forms (table 1) as natural orchil colours are produced in the presence of ammonia. It is important to note that, contrary to the absorption (and its simulacrum excitation spectrum), the emission maxima are quite solvent and temperature insensitive and appear as a broad band centred between 585 and 595 nm [36, 37] .
In figure 5 , we present both the excitation and the absorption spectra for the dyed silk, for which a very good correlation is observed. The excitation spectrum displays a structured band, with a maximum at ca 574 nm and a shoulder at 550 nm (table 5). Considering that the absorption maxima values published by Musso & Matthies [32] for α-amino-and α-hydroxy-orceins, in basic methanolic solutions, were 550-560 nm and 574 nm, respectively, we can propose that it is the α-hydroxy-orcein that is contributing to the maxima observed at 570 nm (table 2) . The 574 nm maximum is also in agreement with the 572 nm value published for water (basic pH) [ a Extracted from the dyed silk reference.
The emission maximum at 602 nm (figure 5) displays a relatively small Stokes shift, in agreement with that observed in the literature (table 5) , and compares well with the values obtained by Flamigni et al. [36] in protic and aprotic solvents, where the maxima were found at ca 593 and 595 nm, respectively. Additionally, it also correlates well with the emission spectrum acquired for an orcein proteinaceous paint reference with maxima at 601-605 nm (glair, pH = 9; electronic supplementary material, figure S3) . Possibly owing to the basic medium provided by glair, the observed excitation spectra reflect the presence of both neutral and negatively charged species (maxima 590-595 nm). This attribution will be further explored in work in progress dedicated to the photophysical characterization of these systems. (b) Case studies (i) Ajuda Songbook (thirteenth to fourteenth centuries) and Lineage Book (fourteenth century)
In the illuminations from the Ajuda Songbook, pink colours were used in the vestments and in the building walls (figure 1). In the latter, the pink colour is applied in a lighter tone (admixed with lead white) and is shadowed with a proteinaceous varnish, such as egg white, as indicated by infrared spectroscopy (electronic supplementary material, figure S4) . In all the illuminations analysed, in both light and dark pink colours, FORS and microspectrofluorimetry have detected the brazilwood chromophore (figure 6) and comparison with historical paint reconstructions showed a good match with recipe 9 from The book on how to make colours [15] . The absorption (554 nm) and excitation (552-558 nm) correlates well with the 553 nm value for the reconstruction; the same being observed for the emission maxima at 565-568 nm that compares with 568 nm in the brazilwood paint reference (table 6 and electronic supplementary material, figure S4 ).
Concerning the Raman analysis, it was not possible to record a Raman spectrum (owing to the high fluorescence of the paints), and SERS analysis proved unsuccessful, with and without the HF treatment. This may be explained by our previous experience that shows that brazilwood is not easily detected by SERS in original samples.
In the Lineage Book, the purple pen-flourished initials were painted in a proteinaceous medium (possibly glair, as shown by the infrared spectra; electronic supplementary material, figure S5 ) [10, 11] . The combined use of FORS and microspectrofluorimetry was essential for the identification of orcein purple. Absorption (−logR) together with fluorescence emission and excitation spectra correlate well with the data obtained for the orcein-dyed silk reference (Lasallia pustulata). In fact, purple paints are characterized by absorption maxima between 575 and 578 nm with a shoulder at 540-545 nm, similar to the dyed silk reference, with absorption maxima at 580 nm and a shoulder at 540 nm (figure 5 and table 5 ). In turn, the purple paints absorption matches well the excitation spectrum, which is well resolved, as depicted in figure 6 . On the other hand, the emission spectrum is characterized by a broad band with maxima between 590 and 600 nm, which compares well with the 602 nm value for the dyed silk reference (table 5) . The identification of orcein by Raman spectroscopy in situ was not possible owing to the high fluorescence observed.
(
ii) Winter Breviary
Based on the very good spectral correlation with our reference database, it was possible to assign the pink/carmine colours to a brazilwood paint and the purple to an orcein proteinaceous paint (figure 5; tables 5 and 6). A perfect match was found for a brazilwood pigment lake found in a previously studied medieval illuminated manuscript (Ms no. 22 from Palácio Nacional Mafra, Portugal [5] ), for all three emission, excitation and infrared spectra (electronic supplementary material, figure S6 ). Infrared spectroscopy disclosed that the pink lake was prepared in a mixture of a protein and a polysaccharide. With regard to the purple colour, a very good match with the natural orcein reference was also observed for the emission and excitation spectra (figures 5 and 6). However, the shoulder displayed at ca 545-550 nm, in the excitation spectrum, is no longer evident (table 5 and figure 6 
(c) Fernão Vaz Dourado Atlas
Infrared spectra revealed that the pink lake was prepared with gypsum and applied in a binding medium of proteinaceous glue and gum arabic (electronic supplementary material, figure S7). Microspectrofluorimetry showed an excitation maximum at 560 nm and emission maximum at 593-608 nm, which is in agreement with the brazilwood recipe 8 from Livro de Como se Fazem as Cores, which also contains gypsum (electronic supplementary material, figure S7) [5] . Raman spectroscopy showed a high fluorescence background signal and for this reason the identification of the dye was only achieved by SERS (following HF treatment), as presented in table 3 and figure 3 , through its bands at 367, 417, 462, 485, 522 and 546 cm −1 owing to ring deformation, at 638, 671, 713, 724 and 808 cm −1 assigned to the out-of-plane δ(CH) and δ(CO), at 1105 cm −1 attributed to the in-plane δ(CH), at 1165 cm −1 owing to the δ(CCH) and ν(C-C), at 1201 cm −1 ascribed to δ(C-C), at 1350 cm −1 attributed to the ν(C-O) and, finally, at 1487 and 1556 cm −1 both assigned to ν(C=C) [50, 51] . The SERS spectrum is in agreement with the spectra collected for the brazilein chromophore, but even more with the brazilwood reconstruction, which is also in agreement with the microspectrofluorimetry results. We propose that the presence of gypsum, in both the brazilwood reconstruction and historical sample, played an important role in the similarity seen in both spectra. To the best of our knowledge, this is the first time that brazilwood has been unequivocally identified by SERS in a manuscript.
As for the purple paint (figure 4), Raman microscopy showed bands at 438 cm [44, 46] . The Raman spectrum is in agreement with the results obtained for the SERS spectra of the natural orcein extracted from the silk dyed with Lasallia pustulata as well as those of the synthetic orcein (figure 4), thus confirming unequivocally the results obtained with microspectrofluorimetry for the orcein purples applied in the winter Breviary (fifteenth century) and Lineage Book (sixteenth century; figures 5 and 6).
(d) Overall
With historically accurate reconstructions of medieval brazilwood lake pigments and paints, it was possible to use microspectrofluorimetry for the in situ identification of the pink/carmine colours found in illuminations, dated between the thirteenth and sixteenth centuries. Both fluorescence emission and excitation spectra were obtained, the latter also being compared with FORS, which strengthens the assignment of the spectra. In this way, it was possible to disclose the chromophore, brazilein, and its complex with Al 3+ as well as to propose a complete paint formulation by comparison with medieval recipes from The book on how to make colours [54] , which includes both the binding media and paint additives. This complete description of the colour paint was possible when the information available through the infrared spectra was included.
For the orcein purple colours, we do not have complete medieval recipes, as we do for brazilwood pigment lakes in The book on how to make colors. Fortunately, in this case, the excitation spectra are well resolved and the band maxima enable correct assignment as shown in the two case studies, the Lineage Book and the winter Breviary.
This line of reasoning was further confirmed in the characterization of the purple and pink colours applied in the magnificent Fernão Vaz Dourado Atlas; in this case, Raman microscopy was able to disclose, in situ, the molecular fingerprint for the fundamental orcein structures (table 1) shared by all the amino and hydroxy derivatives. Yet, it was not possible to discriminate between the two main families, amino-and hydroxy-orceins. The Atlas was a very fortunate and unique case, as it was not possible to acquire orcein Raman spectra for the other case studies, owing to the high fluorescence of the purple colours. To explain this switch on and off of fluorescence emission, we anticipate that the bluish amino derivatives may offer an efficient quenching of the fluorescence, allowing us to acquire, in situ, very acceptable S/N ratio Raman spectra; considering Figure 7 . Timeline for the dyes used to produce dark reds/purple hues in Portuguese illuminations.
that amino derivatives display a bluer shade, it is possible to envisage the development of recipes aiming at concentrating the amino-type chromophores. This aspect can only be ascertained with a full photophysical characterization of the single orcein chromophores, which we intend to pursue in future work. Finally, it is important to stress that in both the Lineage Book and the winter Breviary, the purple colour was applied in a proteinaceous tempera, which we propose to be essentially glair, based on the C-H stretching absorption fingerprint [9, 10] . Considering that, for this period, our studies show that polysaccharide tempera were used more frequently, the presence of glair provides insights into the orcein purple paint recipe. Indeed, it was possible for us to obtain good matches with all three FORS, UV-vis fluorescence and Raman spectra, for colour paints obtained in the same way as for the saffron yellow paints described in the Montpellier manuscript ('[ §1. 19 .1B] ( . . . ) put it in a container, lay clean glair on top, and leave until the glaire becomes good and yellow . . . ') [55] . Note that, in this recipe, alum is not added.
Conclusion
Orcein purples and brazilwood lake pigments were unequivocally identified in manuscript illuminations dating from the thirteenth to the sixteenth centuries. SERS provided a conclusive molecular fingerprint for the main chromophore(s), whereas microspectrofluorimetry proved the presence of a lake pigment (in this case, coordinated with Al 3+ ) and offered valuable information on the global paint formulation, being applied in situ with micrometre-level spatial resolution. This demonstrates that when combined these two techniques supply invaluable information on dyes in works of art [13] .
The manuscripts also afforded an interesting insight into the chronology of the use of these dyes, when analysed within the context provided by our studies on the colour of manuscript illuminations [1-4,7-11,13,16-18,21,22] (figure 7).
The dark reds and pink tones provided by lac dye in Portuguese monastic productions during the High Middle Ages (twelfth-thirteenth centuries) are replaced by brazilwood colours in the fourteenth-fifteenth centuries (figure 7). Inês Vilella-Petit proposes it to be one of the characteristic colours of books of hours produced in France between the fourteenth and fifteenth centuries [25, 56] . Brazilwood colours were fashionable among the aristocracy possibly already in the thirteenth century [25] , as the nobleman's vestments depicted in the Ajuda Songbook illustrate. Moving forwards, in the sixteenth century Atlas we observed the presence of both brazilwood lakes and orcein purples. Contrary to what we observed for the Atlas, in both the Lineage Book
